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Abstract Tuberous sclerosis complex (TSC) is a genetic
disorder arising from mutations in the 7SC/ or TSC2 genes.
The resulting over-activation of the mammalian target of
rapamycin (mTOR) signalling pathway leaves patients with
TSC susceptible to the growth of non-malignant tumours in
multiple organs. Previously, surgery was the main thera-
peutic option for TSC. However, pharmacological therapy
with mTOR inhibitors such as everolimus and sirolimus is
now emerging as an alternate approach. Everolimus and
sirolimus have already been shown to be effective in treating
subependymal giant cell astrocytoma (SEGA) and renal
angiomyolipoma (AML), and everolimus is currently being
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evaluated in treating TSC-related epilepsy. In November
2013 a group of European experts convened to discuss the
current options and practical considerations for treating
various manifestations of TSC. This article provides
evidence-based recommendations for the treatment of
SEGA, TSC-related epilepsy and renal AML, with a focus on
where mTOR inhibitor therapy may be considered alongside
other treatment options. Safety considerations regarding
mTOR inhibitor therapy are also reviewed. With evidence of
beneficial effects in neurological and non-neurological TSC
manifestations, mTOR inhibitors may represent a systemic
treatment for TSC.
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Key Points

mTOR inhibitors have been shown to be effective in
treating TSC-associated subependymal giant cell
astrocytoma (SEGA) and renal angiomyolipoma.

mTOR inhibitors have shown promising therapeutic
effects in a number of neurological and non-
neurological manifestations of TSC in ongoing
studies.

Further studies are needed to determine the optimal
dosing regimen and treatment duration for mTOR
inhibitors across different age groups and
indications.

Long-term safety studies of mTOR inhibitors have
shown that patients reported >1 adverse event, all
mild to moderate in severity, with upper respiratory
tract infections and stomatitis/mucositis occurring
most commonly.

1 Introduction

Tuberous sclerosis complex (TSC) is a genetic disorder
caused by mutation of the 7SCI/ or TSC2 genes [1].
Mutations in these genes result in the overactivation of the
mammalian target of rapamycin (mTOR) signalling path-
way, leading to loss of control of cell growth and cell
division. Patients with TSC, therefore, have a predisposi-
tion to non-malignant tumour formation in multiple organs
such as the skin, brain, kidneys, lungs, heart, liver and eyes
[2, 3]. It is possible to diagnose TSC during fetal devel-
opment, when cardiac rhabdomyomas are seen in prenatal
ultrasounds and confirmed by additional fetal magnetic
resonance imaging (MRI) showing typical TSC-associated
brain lesions such as cortical dysplasia and subependymal
nodules (SENs) [4]. Diagnostic criteria were recently
revised during an International Consensus Conference, and
surveillance recommendations were also provided [5, 6].
As neurological manifestations occur frequently and early
during the course of the disease, the paediatric neurologist
plays a key role in clinical surveillance and in the moni-
toring of systemic treatment [7].
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mTOR inhibitors (sirolimus and everolimus) are a
class of drugs acting by specifically inhibiting the
mTOR pathway by reducing the phosphorylation of
downstream mTOR effectors [8, 9]. Their pharmacody-
namic and pharmacokinetic properties are similar;
however, everolimus was developed to improve sir-
olimus’ pharmacokinetics, and everolimus is currently
the only drug approved for the treatment of TSC-related
manifestations [2].

Clinical studies have shown that mTOR inhibitors are
effective in treating subependymal giant cell astrocytoma
(SEGA) and renal angiomyolipoma [1-14]. Further clin-
ical studies are ongoing to evaluate mTOR inhibitor use
in treating epilepsy in patients with TSC (e.g. the EXIST-
3 trial). There is also clinical evidence that mTOR inhi-
bitors may have a positive therapeutic effect on other
TSC-related manifestations such as cardiac rhabdomy-
omas, pulmonary lymphangioleiomyomatosis and skin
manifestations.

In November 2013, a panel of European experts met to
discuss the current evidence-based options and current
clinical practice for treating manifestations of TSC. The
conclusions from this meeting form the basis of this report,
addressing the treatment options for SEGA, TSC-related
epilepsy and renal angiomyolipomas, with a focus on the
use of mTOR inhibitors.

2 Management of Subependymal Giant Cell
Astrocytoma (SEGA)

SEGAs occur in up to 20 % of patients with TSC and are
more likely to develop during childhood and adolescence
than in adulthood. Screening TSC patients for the presence
of, or changes in, SEGAs from diagnosis is critical in
preventing serious sequelae [6, 15]. Brain MRIs should be
carried out every 1-3 years in asymptomatic TSC patients
under the age of 25 years to monitor for new lesions;
patients with existing SEGA who are still asymptomatic
should undergo MRI more frequently, and should be edu-
cated about the potential for new symptoms. Patients who
developed asymptomatic SEGA in childhood should also
undergo periodic imaging to ensure that there is no growth
[6]. In cases of tumour growth or acute deterioration of the
patient’s neurological status, neuroimaging should be more
frequent.
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Recommendations for the management of symp-
tomatic subependymal giant cell astrocytoma
(SEGA)

e Surgical resection of the tumour is the current
standard of care [15-17].

e If patients experience symptoms of increased
intracranial pressure this requires urgent imaging
(preferably MRI) and consideration of:

— Surgery (either immediate shunting and post-
ponement of SEGA removal or immediate
tumour surgery where appropriate expertise is
available).

— mTOR inhibitor therapy (in cases not amenable
to respective surgery) [18].

Recommendations for the management of asymp-
tomatic, but growing SEGA

e Option 1 mTOR inhibitor therapy (if no contraindi-
cations, e.g. known hypersensitivity to the active
substance of everolimus) [19]; this may induce
SEGA regression and also act on other TSC
manifestations [6, 15].

e Option 2 surgery (first choice only if complete
removal of the tumour is possible).

e Option 3 medical treatment is recommended in cases
of SEGA regrowth/recurrence after surgery.

2.1 Applying Clinical Evidence to Clinical Practice

Surgery is the first-choice therapy for symptomatic SEGA
[15, 16]. The risk-benefit of surgery should be evaluated by
the neurosurgeon, together with a multidisciplinary team,
before a treatment decision is made. Evidence from the
largest European study to date suggested that delaying
surgery might result in significant morbidity [20]. How-
ever, surgery is not always appropriate and can be haz-
ardous, especially in patients aged <3 years or those with
bilateral tumours and/or large lesions [20]. SEGA regrowth
can also occur in cases where only part of the tumour was
removed surgically, requiring repeated surgery along with
the increased risk of postoperative complications [20].
The efficacy and safety data for mTOR inhibitors in the
management of SEGA from phase I/I and III clinical trials
are summarised in Table 1 [10-13, 20-25]. Tumour
regrowth has been reported after discontinuation of mTOR
inhibitor therapy; therefore, treatment may need to be
sustained for a persistent benefit [10]. In patients for whom
surgery is not an option, therapy with the mTOR inhibitor
everolimus may be effective. A phase I/II study showed

that primary SEGA volume reduced by >30 % from
baseline (treatment response) in 75 % of patients, and these
positive results were confirmed by the EXIST-1 study, a
randomized phase III controlled trial, that showed a >50 %
reduction of SEGA volume in 35 % of treated patients and
in up to 47 % of patients in the extension phase (Fig. 1)
[10, 12, 21, 26]. mTOR inhibitor therapy could still play a
role in patients undergoing surgery to potentially reduce
tumour volume before the resection is performed. This
approach could be particularly useful in patients with
bilateral lesions or those with a tumour that is in an unusual
location or growing aggressively [16]; however, no expe-
riences have been published yet and little is known about it
in practice. Furthermore, the exact risk of bleeding after a
neoadjuvant intervention is still unknown, and there can
also be an increased risk for infections or delayed wound
healing. However, if surgery is considered after pre-
emptive treatment with mTOR, there is a recommended
interval of at least 2-3 weeks prior to surgery [17].

Patient age is one of the factors to be considered when
choosing between surgery and mTOR inhibitor therapy.
Children aged <3 years may have an increased risk for
poor outcomes after surgery for SEGA [20], making
mTOR inhibitor therapy an attractive option. When surgery
can be performed and it appears to be curative (i.e. there is
the possibility of a complete removal of the lesion), it may
be preferred in childhood to avoid long-term pharma-
cotherapy. Long-term pharmacotherapy may be necessary
to maintain the clinical benefits, but because SEGA growth
often slows spontaneously around the third or fourth dec-
ade of life [27, 28], long-term follow-up studies will inform
us on the optimal treatment duration of SEGA in the
context of TSC. Further studies into the optimal duration of
therapy and dose maintenance are needed.

3 The Management of Epilepsy in Patients
with Tuberous Sclerosis Complex (TSC)

Epilepsy onset is often in the first year of life in the form of
focal seizures (62 %), which can coexist or evolve into
infantile spasms. In infants and young children, both high
seizure frequency and interictal epileptic activity (espe-
cially spike activity during sleep stages II) may lead to
irreversible, severe psychomotor retardation and/or beha-
vioural deterioration [29, 30]. However, not all TSC
patients have early-onset epilepsies. Some patients expe-
rience an age-dependent evolution of seizure types and
epileptic syndromes, with the possibility of evolving
toward epileptic encephalopathies such as Lennox—Gastaut
syndrome [31]. The personalization of treatment, targeting
the most troublesome seizures for each patient, such as
atonic seizures and drop attacks, is essential [32].
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Recommendations for the management of tuberous
sclerosis complex (TSC)-related epilepsy

e Antiepileptic drugs (AEDs): vigabatrin therapy is the
first-choice treatment in infants with focal seizures
and/or infantile spasms.

— Therapy should be started if ictal discharges
occur (with or without clinical manifestations) in
infants and children with TSC [32].

e Surgery should be evaluated early.

e Ketogenic diet (KD) or low glycaemic index
diet.

e Vagal nerve stimulation (VNS).

3.1 Applying Clinical Evidence to Clinical Practice

The AED vigabatrin has demonstrated good efficacy in both
TSC-related spasms and focal seizures during the first year of
life [33]. Vigabatrin is an inhibitor of GABA transaminase
but also reduces mTOR overactivation, thus offering a
potential explanation for its high disease specificity [34].
Prompt AED treatment (soon after or even before seizure
onset) might also minimise long-term neurocognitive
sequelae [30]. However, irreversible visual field defects/loss
has been associated with long-term exposure to vigabatrin
therapy [35]. AED combination therapy, prescribed to take
advantage of multiple drug mechanisms-of-action and to
address multiple seizure types is often necessary, but also
carries a risk of adverse events (AEs) [32]. Although viga-
batrin may be the preferred treatment for infantile spasms in
patients with TSC, adrenocorticotropic hormone (ACTH) or
ACTH analogues could be considered the second-line
treatment option for vigabatrin-refractory spasms [36].

Table 1 Clinical trials of the efficacy and safety of mammalian target of rapamycin (mTOR) inhibitors in subependymal giant cell astrocytoma

(SEGA)
Study and  Agent and Study design Patient Main efficacy and safety findings
references  indication population
Phase /11 Everolimus in Open-label extension of a Everolimus Efficacy
trial [10, SEGA: long-term prospective trial in patients aged (n = 28) At 18, 24, 30 and 36 months, primary SEGA volume
21] efficacy >3 years reduced by >30 % from baseline (treatment
Median dose: 5.3 mg/m?/day response) in 75 % of patients
Median treatment duration: Safety
34.2 months (range 4.7-47.1) All patients reported >1 AE, mostly grade 1-2 in
severity, consistent with that previously reported,
and none led to everolimus discontinuation
The most commonly reported drug-related AEs were
upper respiratory infections (85.7 %), stomatitis
(85.7 %), sinusitis (46.4 %) and otitis media
(35.7 %); no drug-related AEs grade 4-5 occurred
Phase III Everolimus in Double-blind, placebo-controlled, Everolimus Efficacy
trial SEGA with a multicentre trial in patients with (n=178) >50 % reduction in SEGA volume: 35 % everolimus
(EXIST- lesion diameter SEGA secondary to TSC vs. 0 % placebo (p < 0.0001)
D2l =lem Everoli N Placebo P '
= verolimus target troug (n = 39) Everolimus: clinically meaningful increase in time to

5-15 ng/ml

SEGA progression
Safety

AE were mostly grade 1-2; no patients discontinued
treatment due to AEs

Most common AEs in the everolimus vs. placebo
groups were mouth ulceration (32 vs. 5 %),
stomatitis (31 vs. 21 %), convulsions (23 vs. 26 %)
and pyrexia (22 vs. 15 %), respectively

Amenorrhoea in patients aged >13 years was
experienced by three of eight everolimus-treated and
none of five placebo-treated females

AE adverse event, TSC tuberous sclerosis complex
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After

Before

Fig. 1 MRI scans of SEGA taken before everolimus treatment was
initiated and after 23 months of everolimus treatment in a patient who
was not a candidate for surgery. Subependymal nodule reduction was
accompanied by diminished ataxia and improvements in cognition
and behaviour. The patient has been seizure-free since May 2012.
(Images provided by Jozwiak S). MRI magnetic resonance imaging,
SEGA subependymal giant cell astrocytoma

Surgery is a relevant option in the management of AED-
resistant epilepsy in TSC patients and should be evaluated
early after the onset of seizures. A systematic review
revealed that seizure freedom was achieved in 59 % of
patients [37]. Success of surgery is increased by early
intervention, accurate localisation of the epileptogenic
zone and the possibility of its complete resection (absence
of eloquent cortex involvement) [38]. An overview of
localization techniques is provided in Pittau et al. [38].

The efficacy and safety data for mTOR inhibitors in the
management of TSC-associated epilepsy from phase I/II and
III everolimus clinical trials are summarised in Table 2 [10,
12, 13]. At present everolimus is not approved for use in this
indication but a prospective, placebo-controlled, phase III
clinical trial to evaluate the efficacy and safety of everolimus
in patients with TSC who have refractory partial-onset sei-
zures is ongoing and the first results are expected in 2016 [22].
According to the opinion of the expert clinicians, everolimus
therapy needs to be continuous in order to obtain clinically
meaningful seizure reduction. Again, the optimal duration of
treatment is yet to be established. In a small study of children
aged <3 years with TSC and AED-resistant epilepsy treated
with everolimus, reductions in seizure frequency (at least
50 %) were reported in four of five children with active sei-
zures at baseline [39]. As patients with epilepsy are likely to be
receiving AEDs, it is important to be aware that the combi-
nation of everolimus with AEDs requires caution because
interactions with CYP3A4/p-glycoprotein (p-GP) inducers
and/or inhibitors have been reported (Table 3) [19].

The use of VNS, the KD, and a low glycaemic index diet
for AED-resistant epilepsy in TSC patients have been ret-
rospectively studied [40-42]. Overall, 72 % of patients

reported >50 % seizure reduction with VNS, with the sei-
zure reduction effects persisting for up to 36 months [40].
VNS does not preclude subsequent improvement in seizure
burden with intracranial epilepsy surgery [43]. On the KD,
over 90 % of children had a >50 % reduction in their sei-
zures at 6 months and 67 % had a >90 % reduction; many
children were seizure free for >5 months [41]. KD has
multiple mechanisms of action, including an inhibition of the
mTOR pathway [44]. The low glycaemic index diet was
developed as a more acceptable alternative to the classic KD,
and has been reported to have beneficial effects in reducing
seizure frequency, with 47 % of patients experiencing a
>50 % reduction in seizure frequency at 6 months [42].

4 The Management of Renal Angiomyolipomas

Angiomyolipomas occurring in the kidneys are an important
non-neurological manifestation of TSC [45]. However, they
do not always require immediate treatment and small renal
angiomyolipomas may only require regular monitoring. The
vascular component of these tumours makes them suscep-
tible to bleeding, and larger renal angiomyolipomas often
develop aneurysms that may rupture. Overall, estimates
suggest that 25-50 % of TSC patients with renal angiomy-
olipomas will experience haemorrhages [46].

Premature decline of renal function (as measured by
glomerular filtration rate; GFR) is now a recognised
problem in adults with TSC, occurring in up to 40 % TSC
patients [47]; it is unclear what proportion is related to
angiomyolipoma burden and its complications. In the
absence of renal angiomyolipomas, GFR and blood pres-
sure should be assessed at least annually. Renal angio-
myolipomas should be monitored using MRI/ultrasound
every 1-3 years. Large renal angiomyolipomas (>3 cm)
require more frequent assessment and should be assessed
using MRI/ultrasound at least annually [24].

Recommendations for the treatment of renal

angiomyolipomas

e mTOR inhibitor therapy is the first-line therapy in
the short term for asymptomatic, growing angio-
myolipomas (>3 cm) [6].

e If mTOR inhibitor therapy is not available,
embolization is the second choice for growing renal
angiomyolipomas.

e Emergency embolisation is the first-line therapy for
renal angiomyolipomas with acute bleeding or
angiomyolipoma aneurysm [6].

e Surgery is considered the last-resort treatment, given
the potential for loss of renal function.
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Table 3 Everolimus drug—drug

Anti-epileptic drugs Anti-infective drugs Others
interactions [19]

CYP3A4/p-GP inducers
(lead to increased everolimus availability)
Carbamazepine® Efavirenz Glucocorticoids
Oxcarbazepine Nevirapine St John’s Wort (Hypericum perforatum)
Phenobarbital® Rifabutin®
Phenytoin® Rifampin®

Rifapentine®

CYP3A4/p-GP inhibitors

(lead to reduced everolimus availability)

Amprenavir
Atazanavir®
Ciprofloxacin
Clarithromycin®
Erythromycin
Fluconazole
Fosamprenavir
Indinavir®
Itraconazole®
Ketoconazole®
Lopinavir
Nefazodone®
Nelfinavir®
Ritonavir®
Saquinavir®
Telithromycin®

Voriconazole®

Aprepitant
Cimetidine
Dilitazem
Grapefruit, grapefruit juice
Verapamil

p-GP p-glycoprotein

# Strong inducers/inhibitors

4.1 Applying Clinical Evidence to Clinical Practice

The efficacy and safety data of mTOR inhibitors (sirolimus
and everolimus) in the management of renal manifestations
of TSC from phase I/II, II, and III clinical trials are sum-
marised in Table 4 [11, 12, 23-25]. Everolimus is licensed
for the treatment of renal angiomyolipomas in adults but not
children. However, it has been shown to be very effective in
shrinking renal angiomyolipomas in children, with minor
and tolerable side effects in the short term (Fig. 2) [48].
Embolisation is first-line therapy for acutely haemorrhaging
angiomyolipoma aneurysms. However, mTOR inhibitors
may be favourable as a first-line therapy considering their
effect on vascularity and avoiding risks of embolisation
(Fig. 3). This implies that aneurysm size could be reduced
due to shrinkage of vasculature associated with mTOR
inhibitor therapy, and might explain why the marked
shrinkage of renal angiomyolipomas is associated with a
very low incidence of haemorrhage (none observed so far in
EXIST-2) [11; Kingswood JC, personal communication].
Furthermore, recent results from the EXIST-2 trial show that

mTOR inhibitors show continued efficacy and no new side
effects after treatment for 2.45 years [49].

5 Management of Adverse Events (AEs)
Associated with Mammalian Target
of Rapamycin (mTOR) Inhibitor Therapy

The AEs associated with mTOR inhibitor therapy are well
defined [50]. Practical guidance on how to manage the most
common AEs is summarised in Table 5. As a general rule,
AEs should be classified according to the Common Termi-
nology Criteria for Adverse Events, and when an AE is grade 1
no dose changing is necessary, when it is grade 2 or 3 a tem-
porary discontinuation might be necessary, and when toxicity
isback to grade 1 or lower treatment can be started again, at the
same dosage or at a lower one. Finally, in case of a grade 4 AE,
permanent discontinuation is required. Although AE man-
agement might require a temporary or permanent interruption
in therapy (with or without dose reduction) [19], clinicians
should try to manage AEs to avoid permanent discontinuation
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Baseline

Fig. 2 Renal MRI of a 21-year-old patient with several large

angiomyolipomas in both kidneys. MRI performed at baseline, after

3 months, and after 17 months of treatment with everolimus,
demonstrating a marked reduction of hamartoma size, most clearly
depicted in the larger lesions. Reduction of the angiomyolipoma with

17 months

everolimus therapy was accompanied by a reduction in seizure
frequency and improvements in behaviour, making possible the
tapering of antiepileptic drug therapy [Dill P, personal communica-
tion]. (Images provided by Dill P). MRI magnetic resonance imaging

Fig. 3 Case study showing loss of vascularity in renal angiomy-
olipomas in a patient with TSC. The successful treatment of SEGA
and renal angiomyolipomas with everolimus was accompanied by
remission of subclinical epilepsy, with improvement in

of this treatment. Data suggest that mTOR inhibitor-related
AEs might be dose-dependent and that dose reductions can
minimise AEs yet maintain efficacy [51; Kotulska K, personal
communication]. If a dose reduction is required, the suggested
dose is approximately 50 % lower than the dose previously
administered [19].
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neurocognition and autistic behaviour [Kingswood JC, personal
communication]. (Images provided by Kingswood JC). SEGA
subependymal giant cell astrocytoma, 7SC tuberous sclerosis
complex

5.1 Skin Complaints

Skin complaints, including generalised, macular, maculo-
papular, papular, allergic dermatitis rashes and urticaria,
were common during clinical trials of everolimus (Table 5)
[19]. Acne has also been observed and in these cases
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Table 5 Management of the most common adverse events (AEs) of mammalian target of rapamycin (mTOR) inhibitors

AE Grading Management
Infection Mild Symptom-targeted treatment
Severe As above plus anti-infectives
Stomatitis Prevention of AE  Frequent non-alcoholic mouth wash or 0.9 % salt water

Mild Local sores treatment with sucralfate, Kenalog®, and other topical analgesic mouth treatments

Avoid agents containing alcohol, hydrogen peroxide, iodine and thyme derivatives

Severe

Non-infectious Mild or moderate

As above plus topical corticosteroids
Symptomatic only or corticosteroids for troublesome cough

pneumonitis Severe Corticosteroids and/or antibiotics
Skin rash Mild No treatment or topical agents
Severe

Lipid profile abnormalities Mild

Severe
Secondary amenorrhea Mild Resolves spontaneously
Severe Progesterone treatment

Topical agents, including steroids and anti-infectives
Low fat diet plus increased physical activity

As above plus a 3-hydroxy-3-methyl-glutaryl-CoA reductase inhibitor

Dose adjustments: in all AEs depending on grade of severity: in moderate AEs hold dose until recovery, then restart at the same dose; in severe
AEs hold dose until recovery, then restart at lower dose; in life-threatening AEs discontinue treatment

standard therapy can be provided to address the complaint
[Kingswood JC, personal communication].

5.2 Renal Failure

Renal failure, including acute renal failure, has been
observed in patients treated with everolimus (2.5 % of
everolimus group vs. 0 % of placebo group) [11, 19].
Acute kidney injury (AKI) has been observed in the two
major randomised controlled trials (EXIST-1 and EXIST-
2); AKI was noted to be more common in those receiving
placebo than in those on everolimus. In addition, EXIST-1
and EXIST-2 have shown that the GFR remains
stable (within the ~2.75-year follow-up periods of these
trials) unless it was already declining and <30 ml/min
before starting everolimus [52].

Levels of proteinuria remained stable in patients
enrolled in the EXIST-1 and EXIST-2 randomised con-
trolled trials up to the ~2.75-year follow-up [52]. How-
ever, serum creatinine and proteinuria elevations have
been reported in patients taking everolimus (respectively
in 1 % of everolimus and 8 % of placebo group, and 4 %
of everolimus and 8 % of placebo group), so monitoring
of renal function (including measurement of blood urea
nitrogen), urinary protein or serum creatinine is recom-
mended prior to the start of therapy and periodically
afterwards [19]. In these patients it can be difficult to
ascertain the exact cause of renal damage, since TSC
itself and the other drugs used in this condition might
determine renal toxicity. Therefore, monitoring is partic-
ularly important among patients with additional risk

factors for impaired renal function. The exacerbation or
new onset of proteinuria is not necessarily an indication to
stop mTOR inhibitor therapy in those who are benefiting
from it, unless the patient develops nephrotic syndrome.
Continued monitoring and referral to a nephrologist, to
exclude other causes, is recommended [Kingswood JC,
personal communication].

5.3 Amenorrhoea/Ovarian Toxicity

Temporary amenorrhoea was reported with everolimus
during clinical trials [19]. A clinical experience shared
during the meeting described the disease course and man-
agement of a 19-year-old female who received everolimus
therapy for SEGAs, renal angiomyolipoma, skin and eye
manifestations, and refractory epilepsy. This patient then
developed an ovarian cyst that ultimately required surgical
resection [Moavero R, personal communication]. The
mTOR pathway is involved in the regulation of ovarian
function (e.g. follicle quiescence/activation) [53]; there-
fore, not surprisingly, the mTOR inhibitor therapy has an
effect on ovarian function and sirolimus has previously
been reported to increase the risk of both oligomenorrhoea
and ovarian cysts [54]. These reports highlight the potential
for ovarian toxicity during mTOR inhibitor therapy in
females, and the need for ovarian function/hormonal
assessment during treatment [Moavero R, personal com-
munication]. However, if diagnosed early, there should be
no need for permanent treatment discontinuation. Increased
awareness that this AE can occur in TSC patients receiving
mTOR inhibitor therapy can help speed up diagnosis.
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6 Other Safety Considerations with mTOR
Inhibitor Therapy

6.1 Drug Level Monitoring

Although there are no evidence-based data to suggest
serum levels to be achieved during everolimus treatment,
actual knowledge suggests they should be maintained at
between 5 and 15 ng/ml [2]. The ongoing study EXIST-3
will compare efficacy and safety of two trough ranges of
everolimus as adjunctive therapy in patients with TSC and
refractory partial onset seizures (NCT01713946).

6.2 Drug-Drug Interactions

Significant drug—drug interactions between everolimus and
CYP3A4/p-GP inhibitors and inducers are summarised in
Table 3 [19]. Interactions between everolimus and
CYP3A4/p-GP inhibitors lead to increased everolimus
availability; interactions with CYP3A4/p-GP inducers lead
to reduced everolimus availability. It is important to
monitor everolimus serum levels during treatment, and in
particular every time a CYP3A4/p-GP inducer/inhibitor is
added as a co-medication or their dosage is modified.

Recommendations: interactions with
mTOR inhibitors

CYP3A4/p-GP inhibitors

e Avoid concomitant use of strong CYP3A4/p-GP
inhibitors with everolimus (see Table 3).

e (Caution should be used when co-administering with
moderate CYP3A4/p-GP inhibitors.

e [If co-administration with a moderate CYP3A4/p-GP
inhibitor is required:

drug-drug

— Reduce the everolimus dose to 2.5 mg daily; this
is predicted to adjust the area under the curve
(AUC) to the range observed without inhibitors.
A later dose increase from 2.5 mg to 5 mg may
then be considered based on patient tolerance.
Note: these recommendations do not apply to
patients who have a lower initial everolimus
dose.

— If discontinued, a washout period of approxi-
mately 2-3 days should be allowed before
increasing the everolimus dose to the level used
before the introduction of the moderate inhibitor.

CYP3A4/p-GP inducers

e Avoid the concomitant use of strong CYP3A4/p-GP
inducers (see Table 3).

A\ Adis

e If patients require co-administration of a strong
CYP3A4/p-GP inducer consider:

— Increasing the daily dose of everolimus in
increments of <5 mg; this dose is predicted,
based on pharmacokinetic data, to adjust the
AUC to the range observed without inducers
although there are no clinical data to support this
approach. Note: these recommendations do not
apply to young children who have a lower initial
everolimus dose.

— If discontinued, consider a washout period of
3-5 days before decreasing the everolimus dose
to that used before initiation of the strong inducer

e St John’s Wort (Hypericum perforatum) may
decrease everolimus exposure unpredictably and
should be avoided

6.3 Vaccinations

The immunosuppressive properties of everolimus may
predispose patients to infections, including infections from
those who have received live vaccines [19]. Although a
study in renal patients suggested that everolimus treatment
may allow/preserve the T-cell-dependent and independent
secondary humoral immune response to pneumococcal
polysaccharide vaccine [55], comprehensive evidence-
based recommendations on immunisation schedules in
infants and toddlers receiving everolimus are needed.

Recommendations: mTOR inhibitors and vaccina-
tions

CYP3A4/p-GP inhibitors

e Avoid the use of live vaccines and close contact with
individuals who have received live vaccines (e.g.
intranasal influenza, measles, mumps, rubella, oral
polio, Bacillus Calmette—-Guérin (BCG), yellow
fever, varicella and TY21a typhoid vaccines) during
everolimus therapy.

e If possible, the childhood immunisation schedule
should be completed prior to starting everolimus,
and an accelerated vaccination schedule may be
appropriate.

— If this is not possible, the expert panel recom-
mended stopping treatment for 2 weeks before
and after vaccination
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7 Conclusions

Currently there are two licensed indications for the use of
everolimus in TSC, i.e. SEGA irrespective of age and renal
angiomyolipomas in adults. Other potential indications are
being evaluated in phase II or phase II/III studies. These
include severe epilepsy (EXIST-3), neurocognitive deficit
(TRON—A Study of Everolimus in the Treatment of
Neurocognitive Problems in Tuberous Sclerosis [56]) and
autistic  spectrum  behaviour (RAPIT—Efficacy of
RADOO1/Everolimus in Autism and NeuroPsychological
Deficits in Children With Tuberous Sclerosis Complex
[57]), and pulmonary lymphangioleiomyomatosis and skin
involvement (EXIST-2). On the other hand, sirolimus has
been approved for pulmonary lymphangioleiomyomatosis
in the USA and Japan. Other potential indications being
evaluated in phase II or phase II/III studies include autism
spectrum disorder and/or intellectual disability associated
with TSC [58] and, with a new topical formulation,
angiofibroma and other skin lesions in patients with TSC
[59, 60].

For many patients TSC is a systemic and progressive
disease, with a majority of patients at risk for developing
significant morbidity by middle age. It may, therefore, be
more logical to use a lifetime risk score to decide whether
an mTOR inhibitor should be prescribed rather than just
base the decision on isolated individual organ complica-
tions. The decision should also take into account the lim-
ited knowledge of the effects of long-term mTOR inhibitor
therapy initiated in young infants. The necessary epi-
demiological data needed to evaluate this approach are not
yet available; however, studies like the Tuberous Sclerosis
Registry to Increase Disease Awareness (TOSCA) registry,
an international disease registry set up to assess manifes-
tations, interventions and outcomes in patients with TSC,
will help [61].

The identification and optimal treatment of neurological
and non-neurological manifestations of TSC require a
multidisciplinary approach, and strong collaboration
between paediatricians, neurologists, neurosurgeons and
nephrologists. Although surgery was once the only thera-
peutic option for treating TSC-related tumours, mTOR
inhibitor therapy now provides a new, biologically targeted
pharmacological treatment to be considered alongside
other approaches. Moreover, due to the systemic nature of
mTOR inhibitor treatment, it may be indicated in patients
with one or more manifestations of TSC (e.g. some patients
with epilepsy and/or skin complaints). Questions remain
relating to proper dosage of mTOR inhibitors, the serum
level to be achieved, the timing of treatment initiation and
withdrawal, the length of treatment and the long term side

effects. It is hoped that disease registries such as TOSCA
and other clinical studies may help answer these questions.
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